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Abstract: Human papilloma virus (HPV) is the main causative agent in cervical cancers. High-risk HPV cancers, 
including cervical cancer, are driven by major HPV oncogene, E6 and E7, which promote uncontrolled cell growth 
and genomic instability. We have previously shown that the presence of HPV E7 sensitizes cells to inhibition of 
aurora kinases (AURKs), which regulates the control of cell entry into and through mitosis. Such treatment is highly 
effective at eliminating early tumors and reducing large, late tumors. In addition, the presence of HPV oncogenes 
also sensitizes cells to inhibition of phosphoinositide 3-kinases (PI3Ks), a family of enzymes involved in cellular 
functions such as cell growth and proliferation. Using MLN8237 (Alisertib), an oral, selective inhibitor of AURKs, we 
investigated whether Alisertib treatment can improve tumor response when combined with either radiotherapy (RT) 
treatment or with a PI3K inhibitor, BYL719 (Alpelisib). Indeed, both RT and Alpelisib significantly improved Alisertib-
mediated tumor killing, and the promising achieved results warrant further development of these combinations, and 
potentially translating them to the clinics. 
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Introduction

Human papilloma virus (HPV) infection is the 
cause of cancers of the cervix, penis, anus and 
head and neck. Cervical cancer makes up a 
large portion of HPV-driven cancers, and was 
estimated to be the fourth most common 
female malignancy worldwide in 2019 [1]. High 
risk HPV promotes cancer via the actions of its 
major oncogenes, E6 and E7. Importantly,  
HPV-driven cervical tumors have an absolute 
requirement for these oncogenes for its surviv-
al [2]. Although the HPV vaccine is now avail-
able, the slow and gradual process by which 
HPV cancers form means little change in cervix 
cancer induction and patient survival for the 
next 25 years [3]. In Australia, the incidence of 
cervical cancer is not estimated to reach less 
than 1/100,000 until 2066 [4]. This warrants 
the development of new therapeutic strategies 
for both newly diagnosed and recurrent pa- 
tients. Radio-chemotherapy, the current treat-
ment modality for cervical cancer, is curative in 
more than 50% of locally advance cervical can-
cer cases. Despite this, the 5-year overall sur-

vival for advanced stage III-IVa patients (<20%) 
remains markedly lower than that for stage II 
patients (>60%) [5, 6]. Recurrent cervical can-
cer is refractory to currently available treat-
ments and survival is usually short, resulting in 
a need to develop more effective treatments for 
patients and salvage treatments for those who 
progress after standard management. 

We have previously performed a synthetic 
lethality screen to identify new selective targets 
in HPV-transformed tumors and identified inhi-
bition of key regulators of mitosis, the aurora 
kinase (AURK) family as the strongest hits [7, 8]. 
Indeed, we have shown that E7 expression 
strongly sensitized cells to killing by the AURK A 
and B dual selective inhibitor, MLN8237 
(Alisertib) [7, 8]. Alisertib is currently in phase II/
III clinical trials for a range of cancer types [9, 
10], and we have reported on its delivery and 
use in treating HPV-driven cancers as a single 
agent with promising results [7, 11]. In the cur-
rent study, we tested novel approaches to 
enhance the anti-tumor effects of Alisertib. We 
recently showed enhanced cervical cancer cell 
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killing when Alisertib is combined with a range 
of Bcl-2 family anti-apoptotic protein pharma-
cological inhibitors [12]. In our current study, 
we extend our pharmacological screen to test 
the effect of combining Alisertib with a phos-
phoinositide 3-kinase (PI3K) inhibitor, BYL719 
(Alpelisib), as PI3K was also one of the stron-
gest hits that came up in the synthetic lethality 
screen [7]. Alpelisib is an α-specific PI3K inhibi-
tor which has been studied as an adjuvant ther-
apy for various cancer types and showed par-
ticularly promising activity in combination with 
fulvestrant for breast cancer in phase III clinical 
trials [13-18]. Here, we assess the effect of 
combining Alisertib either with the current gold 
standard of treatment, radiotherapy (RT), or the 
PI3K inhibitor (Alpelisib) on HPV-driven cervical 
cancer tumors.

Materials and methods

Cell culture

HeLa cells were obtained from the ATCC and 
maintained in complete media; DMEM (Gibco-
Invitrogen, Waltham, MA) supplemented with 
10% heat inactivated fetal bovine serum (FBS) 
(Gibco-Invitrogen, Waltham, MA) and 1% of anti-
biotic/glutamine preparation (100 U/ml penicil-
lin G, 100 U/ml streptomycin sulphate, and 2.9 
mg/ml of L-glutamine) (Gibco-Invitrogen, Wal- 
tham, MA).

Chemicals

MLN8237 (Alisertib) and BYL719 (Alpelisib) 
were purchased from Selleck Chemicals 
(Houston, TX) and powder dissolved in sterile-
grade DMSO (Sigma-Aldrich, St Louis, MI).

Cell viability and IC50 assessment

Cell viability was assessed by the 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay. MTT reagent was added at a final 
concentration of 0.5 mg/ml for an additional 1 
h. MTT crystals were dissolved in 100% DMSO 
before reading the colorimetric absorbance at 
544 nm on a FLUOstar OPTIMA microplate 
reader (BMG LabTech, Germany). Cells were 
treated with Alisertib or Alpelisib with concen-
trations ranging from 40 mM to 40 nM for 72 h 
before performing the MTT assay to determine 
the IC50.

Drug synergism determination

Drug interactions between Alisertib and 
Alpelisib were assessed using CompuSyn soft-

ware version 1.0 (ComboSyn, Inc., Paramus, 
NJ), and determined by isobologram analysis at 
fraction response 0.9 (90% killing). Combination 
index (CI) analysis was based on the median-
effect principle and computed using the follow-
ing formula: CI = D1/(Dx)1 + D2/(Dx)2. D1 and 
(Dx)1 are concentrations of Alisertib and 
Alpelisib, respectively, that inhibit cell growth by 
90% of control when used alone. D2 and (Dx)2 
are concentrations of Alisertib and Alpelisib, 
respectively, that inhibit cell growth by 90% of 
control when used in combination. The com-
bined effects of various concentrations at a 
ratio of 1:1 of Alisertib and Alpelisib were 
assessed, and the CI was calculated according 
to the Chou-Talalay method [19]. In brief, a CI 
value which was <1 = synergistic effect, 1 = 
additive effect and >1 = antagonistic effect.

Time-lapse microscopy

Treated cells were followed by time-lapse 
microscopy using Holometer®, a cell stain-free 
phase holographic imager (PHI AB, Lund, 
Sweden) at 37°C and 5% CO2 and data ana-
lyzed in Hstudio 2.7.5 ™ (PHI AB, Lund, Sweden) 
on 24-well plate (STARSTED, Nümbrecht, 
Germany). Images were captured at 10 min 
intervals. 

Flow cytometry

The percentage of cells undergoing apoptosis 
was determined by flow cytometry using the 
Annexin V-FITC Apoptosis Kit (#K101) (BioVision, 
Milpitas, CA) as per manufacturer’s protocol. 
Samples were analyzed on a BD LSR FORTESSA 
cell analyzer (BD bioscience, San Jose, CA).

Drug oral gavage formulation

Alisertib was formulated in 10% 2-hydroxypropyl-
β-cyclodextrin (Sigma-Aldrich, St Louis, MI)/1% 
sodium bicarbonate (Sigma-Aldrich, St Louis, 
MI) and was dosed orally (10 mg/kg) by gavage 
as previously described [20]. The final concen-
tration of DMSO per dose was less than 1% 
(~0.75%). For RT + Alisertib treatment, Alisertib 
was administered 1.5-2 h post-RT treatment. 
Alpelisib was formulated as a suspension in 
0.5% Tween 80 (Sigma-Aldrich, St Louis, MI)/1% 
carboxymethyl cellulose (Sigma-Aldrich, St 
Louis, MI) in water and was dosed orally (65 
mg/kg) by gavage as previously described [21]. 
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CT imaging and radiation treatment

CT tumor imaging and targeted radiation treat-
ments were done as previously described [19]. 
The X-Rad 225Cx (Precision X-ray) X-ray tube 
was calibrated at 225 kVp, 13 mA (HVL: 0.93 
mm CU, added filtration: 0.3 mm Cu). CT imag-
ing was local to the tumor and not a whole-body 
scan. Anesthetized mice were immobilized in a 
Lucite jig for radiation treatment and cone-
beam CT (CBCT) imaging (X-Rad 225Cx, 
Precision X-ray). CBCT imaging was used before 
treatment and at weekly intervals afterwards to 
evaluate primary tumor volume, and immedi-
ately prior to each radiation treatment fraction 
to assure reproducible tumor targeting. Imaging 
dose was <0.01 Gy per CBCT. Over the entire 
study time, the dose cumulated is approximate-
ly 0.5 Gy. Radiation treatment was delivered to 
the primary tumor at a dose rate of 3 Gy/minute 
using eight coplanar, circular (8-15 mm in diam-
eter depending on tumor size) beams with 
equal 45° angular spacing around the tumor 
(SmART Plan). 

HeLa cell xenografts and treatment protocol

Female Rag mice (6-8 weeks old) were pur-
chased from ARC, Perth, Australia. All animal 
experimentations were performed according to 
the guidelines of the Australian and New 
Zealand Council for the Care and Use of Animals 
in Research and was approved by the Griffith 
University Animal Ethics committee (Animal 
ethics approval # MSC/01/20/AEC). The treat-
ment protocol is summarized schematically 
(Figure 2A). Tumors were established by subcu-
taneously injecting 1×106 Hela cells/100 µl/
injection (50% PBS: 50% Matrigel) in the right 
flank of mice. Mice were monitored for tumor 
growth and when the tumors reached a size of 
approximately 25-50 mm3 (6 days after trans-
plantation), mice were orally treated with 100 
µl of either vehicle control, Alisertib at 10 mg/
kg, Alpelisib at 65 mg/kg, or combination of 
both drugs, once per day for 10 consecutive 
days (n = 5/treatment). Tumors were visualized 
and their volumes were measured using digital 
calipers and tumor volume calculated. Tumor 
size was measured 3 times/week and mice 
health were monitored daily. Mice were eutha-
nized and culled at the end of designated moni-
toring period or when tumor mass reached 
1000 mm3. 

Patient-derived orthotopic cervical cancer xe-
nografts (OCICx) and treatment protocol

OCICx models were developed from a HPV+ 
clinical cervical cancer biopsy sample at the 
Princess Margaret Cancer Centre (PMCC)/
University Health Network, Toronto and grown 
orthotopically in the cervices of 6 to 8-week-old 
female NOD-SCID mice as previously described 
[22]. The patient tumor model (OCICx1) used in 
the current study was derived from a HPV16+ 
squamous cell carcinoma. Mice were bred in-
house at the Ontario Cancer Institute (OCI) 
small animal facility accredited by the Canadian 
Council on Animal Care and treated in accor-
dance with approved animal care protocols 
(Animal ethics approval #AUP762.29). The 
treatment protocol is summarized schemati-
cally (Figure 2E). Mice were randomly assigned 
to one of four experimental groups containing 
5-6 mice each when the cervical PDXs reached 
a size of 5-6 mm3 as determined using biweekly 
CBCT imaging. Tumor volume was calculated 
from the largest diameter in each dimensional 
plane (x, y, z) based on an ellipsoid model of 
volume (4/3*π*(x/2)*(y/2)*(z/2)). All of the CT 
scan measurements were made by the same 
observer, and a second observer confirmed 
these measurements. The groups were: Vehicle 
(DMSO in 10% 2-hydroxypropyl-β-cyclodextrin 
and 1% sodium bicarbonate, 5 mice); Alisertib 
alone (30 mg/kg oral administration 5 days 
on/2 days off over 3 weeks, 6 mice), Radiation 
(RT) alone (5 days on/2 days off, 2 Gy fractions 
per day over 3 weeks-Total 30 Gy, 5 mice); 
Alisertib + Radiation (RT + concurrent 30 mg/
kg oral administration 5 days on/2 days off 
over 3 weeks, 5 mice). Animals were weighed 
and examined for signs of illness weekly after 
treatment. Primary tumor volume was also 
assessed weekly using CBCT. Mice were eutha-
nized at endpoint when the maximal primary 
diameter reached 1 to 1.5 cm or they became 
ill due to developing thymic lymphomas (lost 
>20% body weight). NOD-SCID mice are prone 
to thymic lymphomas, which develop over time 
with age. Mice deaths: Vehicle (1 culled for 
tumor analysis (Day 22), 3 died based on end-
point criteria (Day 65, 99 and 127)), Alisertib 
alone (1 culled for tumor analysis (Day 22), 4 
died based on endpoint criteria (Day 106, 120, 
127, 154)), RT alone (1 culled for tumor analy-
sis (Day 22)) and Alisertib + RT (1 culled for 
tumor analysis (Day 22), died based on end-
point criteria (Day 99, 120, 154)).
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Immunoblotting and antibodies

Protein from cell lines (Alpelisib combination) or 
day 22 tumors (radiotherapy combination) was 
extracted using the RNA/DNA/Protein Purifi- 
cation Plus Kit (Norgen Biotek Corp, Thorold, 
ON, Canada) and protein separated on a 4-12% 
Bis-Tris gradient gel (BioRad, Hercules, CA). Im- 
munoblots were probed with antibodies against 
Mcl-1 (Cell Signaling Technologies (CST), Dan- 
vers, MA, #39224), Bcl-XL (CST #2764), Bcl-2 
(CST, #15071), cleaved PARP (cPARP) (CST, 
#9524), cleaved caspase 7 (CST, #8438S), 
cleaved caspase 9 (CST, #20750S), phosphory-
lated γH2AX (Sigma-Aldrich, St Louis, MI, 
#H5912), and β-actin (CST, #4967) were used 
using manufacturers’ recommended dilutions. 
Rabbit (CST, #7074) and mouse (CST, #7076) 
secondary antibodies and ECL were used to 
detect the signals on a Chemidoc XRS Visualizer 
(BioRad, Hercules, CA). 

Statistical analysis

Mann-Whitney test was done to compare the 
tumor volumes between different treatment 
groups as each time point. In addition, the 
Kruskal-Wallis test (with Dunn’s postdoc multi-
ple testing correction) was done to compare the 
cumulative tumor volumes between each treat-
ment group. Statistical analysis was done on 
GraphPad Prism v9.

Results and discussion

Alisertib and Alpelisib work synergistically and 
results in enhanced cervical tumour killing

Alisertib is a potent Aurora kinase inhibitor that 
has been shown to be effective against HPV-
driven cancers. Its efficacy on these cancers is 
driven by the expression of E7, which sensitizes 
cervical cancer tumors to Alisertib [7, 8]. Our 
work to date has been limited to the use of 
Alisertib as a single therapeutic agent. While 
treatment with this molecule has shown prom-
ising effects in early-stage cancers [7], a more 
effective approach is still warranted for later 
stages. In the current study, we evaluated the 
possibility of enhancing the anti-tumor activity 
of Alisertib by either combining it with Alpelisib 
or RT. Alpelisib pharmacologically inhibits PI3K. 
The gene encoding for PI3K (PIK3CA) is one of 
the most upregulated genes found in cancer 
[23], and high mutational frequencies have 

been reported in tumours of the vagina, colon, 
breast, uterus, and cervix [24, 25]. Our work 
has also identified the inhibition of this gene as 
one of the top hits on HPV-transformed tumors 
[7], suggesting that it has a role in the oncogen-
esis of these cancers. PI3K activation leads to 
the phosphorylation of serine-threonine kinase 
Protein kinase B (AKT), culminating in the acti-
vation of mechanistic target of rapamycin 
(mTOR). The PI3K/AKT/mTOR pathway regu-
lates the cell cycle and has a role in prolifera-
tion, senescence and apoptosis. Hence, over 
activation of this pathway is strongly linked to 
cancer development and resistance to treat-
ment [26]. Indeed, Alpelisib tested as a co-adju-
vant therapy to enhance the effect of various 
other anti-cancer treatments [15, 17, 18, 
27-29]. Notably, Alpelisib has been granted FDA 
approval to be used as a coadjuvant therapy for 
metastatic breast cancer [30].

Here, we evaluated Alpelisib as a co-adjuvant 
therapy alongside Alisertib for the treatment of 
cervical cancer. We investigated whether dual 
inhibition of the PI3K and AURK pathways with 
Alpelisib and Alisertib, respectively, were syner-
gistic. Consistent with our previous observation 
[7], HPV +ve HeLa cells were sensitive to the 
treatment by Alisertib (IC50 = 146.5 nM) (Figure 
1A). Importantly, dual treatment with Alisertib 
and Alpelisib resulted in a significant decrease 
in IC50 (from 19550 nM to 30.3 nM) (Figure 1B) 
and this effect is synergistic (combination index 
(CI) = 0.43) (Figure 1C). Indeed, enhanced kill-
ing with combined treatment correlated with 
elevated PARP cleavage (Figure 1D) consistent 
with increased apoptosis seen in the vast 
majority of cells (97.9%) (Figure 1E). While 
Alisertib treatment alone lengthened average 
cell division time (15.63 h ± 0.55 to 35.2 h ± 
3.29), dual treatment resulted in failed cell divi-
sion (Figure 1F, 1G). Collectively, this data sug-
gests that dual treatment exacerbates cell kill-
ing. Although Alpelisib showed minimal potency 
when used alone, it significantly improved the 
efficacy of Alisertib and showed synergistic 
effect. This suggests that the inhibition of PI3K 
improves sensitivity to AURKA inhibition. Similar 
effect was previously described, where the acti-
vation of the PI3K/AKT/mTOR pathway was 
found essential for AURKA induced carcinogen-
esis [31]. Hence, inhibition of this pathway may 
explain the synergy seen with Alisertib co-treat-
ment. AURKA is known to limit PI3K-pathway 
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Figure 1. Alpelisib enhanced Alisertib-mediated toxicity in cervical cancer cells. A. Hela cells were treated with 
ALISERTIB at doses ranging from 40 uM to 40 nM in a 96 well plate. Cell viability was measured by the MTT assay at 
3-days post-treatment. A dose dependent curve was generated using GraphPad Prism v9 to determine IC50 values. 
Data points are representative of the mean ± SEM (n = 3). B. Cells were treated with Alpelisib at increasing doses 
either in the presence or absence of Alisertib (concentration used: 0.5 Alisertib IC50 = 73.25 nM) before measur-
ing cell viability at 3-days post-treatment by the MTT assay. Data is representative of one out of three independent 
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inhibitor efficacy [32]. Therefore, the inhibition 
of AURKA exhibited by Alisertib in our study may 
have potentiated the effect of Alpelisib. While 
HPV-driven cancers that have mutations in 
PI3K are expected to be the top candidates for 
this combination treatment, it should be point-
ed out that the cells used in this study (HeLa 
cells) do not have such mutations in this gene. 
The synergy between the two drugs was evi-
dent on the time it took cells to undergo cell 
cycle. Indeed, dual therapy resulted in apopto-
sis/necrosis in the vast majority of cells (97.9%) 
within 48 h of being exposed to treatment. It is 
important to note that we have only tested 
Alisertib and Alpelisib combinations on one cell 
type in this study. Future work is also focused 
on testing Alpelisib and Alisertib combinations 
on a range of other HPV+ cervical cancer cell 
lines.

We then explored the effect of combining 
Alisertib and Alpelisib in vivo in a HeLa xeno-
graft model (Figure 2A). Drug treatments had 
some effect on mice weights at day 4 and 5 
before recovering at day 6 and at day 10 for the 
dual drug treatment group before recovering 
the day after (Figure 2B). Compared to the con-
trol group, all treatment groups reduced tumor 
volume significantly (Figure 2C). Concurrent 
treatment with Alpelisib and Alisertib resulted 
in significantly greater tumor volume loss com-
pared with either treatment alone (Kruskal-
Wallis test, Alpelisib vs Alpelisib+Alisertib P = 
0.009, Alisertib vs Alpelisib+Alisertib P = 
0.009). The average survival time was 43 d, 45 
d, 45 d for control, Alisertib and Alpelisib treat-
ment alone groups, respectively. In the dual 
combination group, 25% of the mice reached 
endpoint on day 57, whereas 75% did not reach 
the endpoint for the duration of the study (60 d) 

(Figure 2D). Importantly, dual therapy signifi-
cantly enhanced tumor killing and improved the 
survival rate of tumor bearing mice. Alisertib 
treatment alone resulted in a noticeable delay 
in the progression of the tumors albeit not 
improving the survivability of the mice. 
Combining with Alpelisib significantly reduced 
tumor progression and improved the survival 
rate of the animals. These findings align with 
the synergistic effect we observed in vitro. It is 
important to note here that our study assessed 
the synergy when both drugs were adminis-
tered simultaneously, assessing the timing and 
sequence of administering each drug may  
further potentiate the outcomes [33, 34]. 
Assessment of repeated cycles of treatment 
may be beneficial in the future in addition to 
testing drug combinations in another HPV+ cer-
vical cancer xenograft model (e.g., CaSki cell 
xenografts).

Radiotherapy enhances the anti-tumor effect 
of Alisertib in a cervical PDX mouse model

To examine the effect of combining Alisertib 
with RT, we utilized the OCICx model [22]. Here, 
we administered either vehicle alone or Alisertib 
via oral gavage with or without RT over a 3-week 
period to mice bearing orthotopic cervical can-
cer implants as per our experimental design 
(Figure 2E). RT (Kruskal-Wallis test, P<0.0001) 
and Alisertib alone (Kruskal-Wallis test, P = 
0.0003) groups had the most impact on mice 
body weights when compared to the vehicle 
alone group alone (Figure 2G). Compared to the 
control group, Alisertib treatment alone 
decreased tumor volume (Figure 2H) albeit not 
significantly (Kruskal-Wallis test, P>0.9999). 
Concurrent treatment with RT and Alisertib 
resulted in significantly greater tumor volume 

experiments. Data points represent the mean ± SEM. C. Standard isobologram analysis of cell killing by the drug 
combinations. IC90 values of each drug are plotted on the axes; the solid line represents the additive effect, while 
the point represents concentrations of each drug resulting in 90% inhibition of growth. The point falls below the 
line indicating synergism between the drugs. Combination index (CI) at fractional response 0.9 (90% killing) is also 
shown. CI value is <1, indicative of a synergistic effect. Data is representative of three independent experiments. D. 
Proteins from cells collected at 24 h were immunoblotted for cleaved PARP. β-actin was used as a loading control. 
Individual blots shown are representative of three independent experiments. E. HeLa cells exposed to Alisertib, 
Alpelisib, or a combination of both were stained with annexin V-FITC and PI for FACS analysis after 48 h. Cell popula-
tions shown in the lower left quadrant represent living cells; lower right quadrant represents apoptotic cells, upper 
right quadrant represents necrotic cells and upper left quadrant represents pre-necrotic cells. Data is representa-
tive of 3 experiments. F. HeLa cells were treated either alone, with Alisertib (500 nM) or in combination with Alpelisib 
(20 uM). Images were captured by time-lapse microscopy over 72 h. Still images shown were captured at times 
indicated using the Hstudio 2.7.5™ live imaging. Data presented are representative of one out of three independent 
experiments. G. 10 individual cells were tracked from time-lapse microscopy videos using the Hstudio 2.7.5™ live 
imaging software and the time in and number of cell divisions were plotted on the graph over a 72 h period.  
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Figure 2. Alpelisib (A-D) and RT (E-H) enhances Alisertib-mediated tumor killing. (A) The experimental design for Alpelisib treatment testing is shown in the schemat-
ic, indicating the treatment window and monitoring of tumor regrowth. (B) Mice were weighed daily during the experiment as indicated. Dotted vertical line indicates 
treatment window up to day 10. Mean percentage weight loss is plotted (grams) with error bars representing SEM. (C) Tumor volume loss showing enhanced tumor 
response to combined Alpelisib and Alisertib treatment (concurrent). Each point represents mean of n = 5 mice/group. Mean tumor volumes were normalized to 
1 cm3 against the initial tumor start size (25-50 mm3) with error bars representing SEM. Dotted vertical line indicates treatment window up to day 10. *P<0.05, 
**P<0.01, Mann-Whitney test (Alpelisib + Alisertib vs Alpelisib alone), ×P<0.05, ××P<0.01, Mann-Whitney test (Alpelisib + Alisertib vs Alisertib alone). (D) Endpoint 
was reached in all mice in the control and individual treatment within 49 days. The average survival time was 43 d, 44,75 d, 45 d for control, Alisertib, and Alpelisib 
respectively. In the combination group, 25% of the mice (n = 1) reached endpoint on day 57, and 75% (n = 3) did not reach the endpoint for the duration of the study 
(60 d). (E) The experimental design for RT testing is shown in the schematic, indicating the treatment window and monitoring of tumor regrowth. (F) Tumors were 
either irradiated with (IR) or without (-) Alisertib. Proteins were extracted from tumors at the end of treatment and immunoblotted for indicated proteins. ß-tubulin 
was used as a loading control. (G) Mice were weighed daily during treatment and weekly post-treatment as indicated. Dotted vertical line indicates treatment window 
up to Day 21. Mean weights are plotted (grams) with error bars representing SEM. (H) Tumor volume loss showing enhanced tumor response to combined radiation 
and Alisertib treatment (concurrent). Each point represents mean of n = 4-6 mice/group. Mean tumor volumes were normalized to 1 cm3 against the initial tumor 
start size (5-6 mm3) with error bars representing SEM. Dotted vertical line indicates treatment window up to Day 21. *P<0.05, **P<0.01, Mann-Whitney test (RT + 
Alisertib vs RT alone), ×P<0.05, ××P<0.01, Mann-Whitney test (RT + Alisertib vs Alisertib alone).
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loss compared with either treatment alone 
(Figure 2H) (Kruskal-Wallis test, RT vs RT+ 
Alisertib P = 0.0018, Alisertib alone vs RT+ 
Alisertib P<0.0001). Immunoblotting analysis 
of the tumors revealed several biochemical 
changes in apoptotic pathways (Figure 2F). 
Indeed, tumors irradiated alone resulted in H2A 
histone family member X phosphorylation 
(γ-H2AX), a marker of DNA damage, whereas 
combined treatment with Alisertib enhanced 
this effect. Other than the vehicle control, all 
treatments induced Poly (ADP-ribose) poly-
merase (PARP) and caspase cleavage, consis-
tent with apoptotic cell death occurring in these 
tumors. Overall, our findings showed that 
Alpelisib treatment and RT enhanced the anti-
tumor effect of Alisertib. 

Alisertib has been shown to enhance RT sensi-
tivity in atypical teratoid/rhabdoid tumor [35], 
glioblastoma [36, 37] and lung cancer [38] cell 
lines and xenografts of cell lines [38]. Indeed, a 
recent Phase I trial revealed that concurrent 
fractionated stereotactic RT with Alisertib is 
well tolerated in patients with recurrent high-
grade gliomas [39]. The mode of action of 
Alisertib requires cells to undergo cell division. 
Though ionizing radiation could induce cell 
cycle progression blockade (G2 phase check-
point arrest) thus abrogating the mode of action 
of Alisertib, at the RT dose used here (2 Gy), 
this delay would be transient with cells continu-
ing through into mitosis after a few hours. 
Indeed, 5 Gy RT treatment in vitro would only 
delay HeLa cell growth for 5 h [40]. In our treat-
ment model, the long duration of Alisertib being 
present in the blood circulation would mean 
that dividing tumor cells would still be present 
as cells enters mitosis. Ionizing radiation is 
known to induce DNA damage by phosphoryla-
tion of γ-H2AX [41]. Though tumors irradiated 
alone had γ-H2AX phosphorylation, combined 
treatment with Alisertib enhanced this effect 
suggesting that Alisertib treatment reduces 
repair of DNA damage induced by RT. This is 
consistent with the expected action of Alisertib 
[20]. Our immunoblotting analysis suggest 
apoptotic cell death occurring with Alisertib and 
RT in cervical PDX tumors, possibly via the 
intrinsic mitochondrial pathway based on cas-
pase 9 cleavage. It is important to note that the 
lack of enhancement of caspase and PARP 
cleavage seen in tumors treated together with 
RT and Alisertib. It is possible that the acceler-

ated apoptotic progression in these tumors 
resulted in high levels of caspase-independent 
cell death (e.g. secondary necrosis) and subse-
quent degradation of apoptosis-dependent 
caspase cleavage products, which occurs in a 
number of cell type models [42]. RT alone ele-
vated anti-apoptotic protein Mcl-1, Bcl-xL and 
Bcl-2 expression. This observation is parallel to 
that seen in other cancer types treated with RT 
[43-45]. Alisertib treatment resulted in the loss 
of radiation-induced Mcl-1 and Bcl-2, not Bcl-XL 
expression. Unlike Bcl-2, Alisertib treatment 
was able to decrease Mcl-1 expression as we 
previously reported [7, 8]. Whether these 
events are directly indicative of apoptotic 
changes seen in the tumors (i.e. caspase and 
PARP cleavage) requires further investigation. 

Pre-clinical data presented here is limited to 
one OCICx model but is consistent with our pre-
vious cell line studies [7, 46]. Compared to the 
other models studied, the OCICx model used in 
this study has a low E7 oncogene expression 
profile (data not shown). We have previously 
found that sensitivity to Alisertib correlated 
with higher E7 expression in HPV+ cancer cells 
[7, 46]. This could explain the modest tumor 
volume loss seen in the Alisertib alone group in 
the OCICx model, in contrast to that seen in the 
xenograft model, where the E7 oncogene 
expression profile is higher (data not shown). To 
confirm this, we plan to extend our pre-clinical 
observations to other OCICx models with 
tumors with higher E7 expression. HPV E6 and 
E7 are also known to affect the G2 phase 
checkpoint response by destabilizing Claspin 
and other checkpoint components [47]. This 
further contributes to reducing the efficacy of 
the G2 checkpoint control. Indeed, higher 
expression of E6 and E7 oncogenes appears to 
be a clinically significant predictor of likely dis-
ease recurrence for HPV-driven cancers [48] 
and may have the potential to enhance tumor 
response to treatment. Despite significant 
progress in treatment for cervical cancers there 
is still a striking number of patients that fail 
treatment and ultimately develop metastasis. 
Identifying high E7, as a prognostic biomarker 
of response using Alisertib would represent an 
important step for personalized cancer care for 
patients with advanced HPV-driven cancers. 
Despite the advances in testing for a number of 
cancers types at preclinical and clinical trial 
stages, there is limited work done testing 
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Alisertib in combination with RT for cervical 
cancer. To our knowledge, this is the first study 
that explored to test this combination for cervi-
cal cancer. We also plan to test Alpelisib and 
Alisertib drug combinations in the OCICx model 
used here in future work. 
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